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THE WAVELENGTH DEPENDENCE OF ATMOSPHERIC EXTINCTION1

J. Wempe

ABSTRACT. The spectral gradients of monochromatic extinc-
tion coefficients under various atmospheric conditions show
a strong correlation with visual extinction. Fog extinction
obtained by subtracting from the total extinction the compo-
nents due to molecular scattering of the permanent gases and
the selective absorption by ozone may be expressed by 6/ a,
with the exponent a = 1.5 at Jena and 0.6 to 1.5 at other
locations, independent of haze, and 6, a measure of the total
mass of haze in the atmosphere.

INTRODUCTION

The results of 18 determinations of spectra-photometric extinction under /1*

the most varying atmospheric conditions are reported as empirical bases for a

systematic investigation of the wavelength dependence of atmospheric extinction.

The spectral gradients of monochromatic extinction coefficients show a strong

correlation with the magnitude of the visual extinction; the results from other

observations fit in with this statistical interrelation.

The possibility of separating the extinction components of varying origin ,f

for the purpose of more accurately investigating the temporary and local differ-

ences of extinction is discussed. The component obtained by scattering on the

molecules of the atmospheric permanent gases may be computed by the Rayleigh

theory. The selective absorption of ozone in the Chappuis band may be deter-

mined with sufficient accuracy from the layer density and the absorption coeffi-

cient. The amount remaining after subtracting these two components of the

observed total extinction is the subject of further investigation as fog extinc-

tion.

The fog extinction obtained from the observations at Jena may be represent-

ed in the visible spectra range by the interpolated statement 6/X with an ex-

l(No. 21--Contribution from the Astrophysical Observatory, Potsdam), Accepted as
an inaugural dissertation by the Mathematical-Natural Science Faculty of the
University of Jena.
*Numbers in the margin indicate pagination in the foreign text.



ponent a = 1.5, which is independent of the turbidity. An equivalent markup of

observational material available from other locations yields values for the

wavelength exponents of the fog extinction which is always between 0.6 and 1.5

and which can be ascribed to local differences in the composition of the fog.

The parameter representation of the fog extinction provides the possibil-

ity of computing from the extinction value of any one observed wavelength (for

example, from the visual extinction) the monochromatic extinction coefficients

in the spectral range of 400 mv < X < 700 mp as the approximate sum of the

various components.

1. Preliminary Remarks

In astrophysics, atmospheric extinction and its wavelength dependence are

usually considered to be an unavoidable reduction element during spectrophoto-

metric and colorimetric work, and its investigation is restricted to the degree

required for it. The observations for the determination of extinction are

therefore often designed (especially for work in the derivation of color temper-

atures) to yield only the spectral gradients directly required for the consider-

ation of the extinction and not the monochromatic extinction value itself.

Such a limitation, however, impedes the discussion of the local and temporary

changes which empirically underlie the extinction, because it makes it impossible

to separate in the total extinction the components of different origins contained

in it (scattering and absorption by the permanent gases, effect of water vapor

and fog). For the magnitude and wavelength dependence of individual extinction

components partly theoretical statements and partly empirical data are available.

By using this knowledge, it is possible to separate the variable component and

investigate possible mathematical interrelations separately.

It seemed desirable to base this investigation on new study material of the

most accurate individual extinction determinations possible. For this purpose,

a series of spectrophotometric extinction determinations at very different

atmospheric conditions was undertaken at Jena. They were determined by both the

customary procedure of forming gradients and by a separate investigation of the

various extinction components. To clarify the question of whether the mathemat-

ical relationship found at Jena for the fog extinction could be carried over to

studies at other locations, the spectrophotometric extinction determinations
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under study which are usable for such an investigation, are subjected to a uni-

form discussion.

2. The Extinction Determinations at Jena

The determination of the monochromatic extinction magnitude is obtained by

spectrophotometric comparison of a star near the zenith (zenith distance Z
1

<

< 20°) tvitli a second star at greater zenith distance Z2, which was always chosen

between 50° and 60° . The use of the star pair is more advantageous than the

temporary pursuit of a simple object over different zenith distances, something

which is unavoidable in daylight observations of the sun. The result is practi-

cally independent of temporary variations of atmospheric optical visibility and

the sensitivity of the measuring arrangement. The procedure simply assumes the

uniformity of the atmospheric condition at different zenith distances, i.e., a

pattern of the turbidity in homogeneous horizontal layers. When superterres-

trial monochromatic brightness of the two stars is expressed in classes of mag-

nitude with ml(X) and m2(X) then the observed brightnesses m 1(A) and m22(X) are

i-,iwhen --- is A, ./ z)l |Reproduced from
best available copY.when

of the monochromatic extinction coefficient and p~ is the transmission coeffi-

cient set as the uniformity of the path length F(z) for the vertical column of

air. For zenith distances less than 600 to which photometric observations are

generally restricted, the path length F(z) can simply be set equal to sec z.

The extinction coefficient k is thus equal to the zenith extinction in class

magnitude or is equal to the zenith reduction for a star at zenith distance 60°.

The photometric observation of a star pair in the zenith distances z1 or z2,

respectively, yields the brightness difference mll - m? = mz It is also

known as the difference of the superterrestrial or the zenith related bright-

ness m 0 1 - mo = Amo, so that the extinction coefficient becomes
m 2

,The measurement of the magnitude took place photographic-photometrically on- 

The measurement of the magnitude a mirror prism camera, tooknsisting of a photographic-photometrically on

exposures with a mirror prism camera, consisting of a parabolic mirror of 200 cm
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focal length and 30 cm aperture, as well as two prisms of UV-glass of 8° and 120

refracting angle and 25 cm free aperture, which together yielded a dispersion of
TO0 0 0 0 0 0O

39 A/mm at 4,000 A, 92 A/mm at 5,000 A, and 165 A/mm at 6,000 A. A coarse dif-

fraction lattice attachable in the parallel path of rays before the prism, and

produced in the observatory workshop, served to produce the photometric scale.

Pure nickel wires of 1 mm thickness were led over mandrels of 2 mm pitch, so

that the width of the clearance was very nearly equal to the width of the wire.

Inasmuch as the lattice came out very uniform, the intensity relationship of

the diffraction pattern could be computed without hesitation from the geometric

data of the lattice according to the known formulas (compare for example [38]).

The measurement of the wire thickness and the clearance was obtained with an oc-

ular micrometer at the flash comparator, twice each time both the lattice itself

and a photographic contact print were determined. In order to minimize the

danger of systematic errors during measurement, the contrast between wire and

clearance was kept as low as possible by suitable illumination. The cross-hair

of the micrometer was turned by 450 against the wire edging, so that the thick-

ness of the measuring line did not enter into the measurement. The result of

the two measurements is at average, when m0, mz and m
s
designate the relative

brightnesses of the image without lattice expressed in classes of magnitude, the

central image, or the diffraction image:

lattice print average

wire thickness d I.o66 9 
clearance s .991342 

That is, in spite of all precautions taken during measurement there still

appeared a contrast effect of 4.4 p compared to almost 30 p for the measurement

of the Goettingen lattice described in [38]. However, the result for the

photometric lattice constants m
s

- mz = 0m976 is accurate to +0m01 on average of

positive and negative measurement, and thus is sufficient for the present de-

mands for precision.
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The stellar spectra are spread during exposure by a simple arrangement for

facilitating and increasing the accuracy of the photometric evaluation. A 3 mm

thick plane parallel glass plate was installed about 3 cm in front of the focal

spot and could be periodically rotated to+±150 of normal to the path of radia-

tion by a lever transmission control of an eccentric disc. In this way the fo-

cal picture sweeps uniformly back and forth through the photographic plate be-

tween two fixed limits within a few seconds. The spreading of the stellar spec-

tra thus achieved could be varied at will between 0.1 mm and 0.4 mm by control-

ling the beam transmission; it was so chosen that during extinction exposures

for a star of third magnitude with lattice, the required time of illumina- /3

tion did not exceed ten minutes, and spreading was between 0.2 mm and 0.3 mm

according to the brightness of the star pair used and the atmospheric visibility.

The danger that such variation of the air disturbance with the zenith distance

would affect the optical density is practically avoided by this type of spread-

ing.

Each set of observations consisted of four equally low exposures in the

series order--zenith star, extinction star, extinction star, zenith star.

Slight temporary variations of the visibility as well as all other temporary or

local linear sources of error (variations of the plate and photometer sensitiv-

ity) rendered practically harmless by this symmetrical arrangement. The photo-

metric evaluation of the spectra was made with the Zeiss photoelectric record-

ing photometer. The aperture height was made equal to the half-width of the

spectra for the recording in order to avoid edge effects and errors of guideways

for the curved side spectra. The measurement of the recorded curves and the

further processing closely followed the methods used at Goettingen, so we can

forego their description [38]. The reduction was facilitated considerably

since the brightness difference to be photographically bridged could be kept

very small by the appropriate choice of star pairs. It generally amounted to

under 0m3 and only in a few cases reached lo0. Therefore the reduction could

always be followed by the convenient Hertz jump [Note: possibly square wave]

formula.

The data of the usable extinction determinations carried out at Jena are

summarized in Table 1. The extinction exposures were not restricted to
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particularly clear evenings, as shown by the description of the atmospheric

condition for the individual observations, but were extended to atmospheric con-

ditions with marked turbidity, during which there normally would not have been

any photometric studies. During these exposures we tried to ensure by visual

estimation that the condition of the sky was uniform in the various zenith dis-

tances. A few observations, for which there was a subsequent greater difference

between the two exposures of the same star, were excluded from the treatment.

The barometer reading b and vapor tension e data given in Table 1 were interpo-

lated from the closing observations of the secondary meteorological station con-

nected with the observatory.

TABLE 1. EXTINCTION OBSERVATIONS AT JENA.

N t Zenith' Ext., tm heric
Bate svc; %, .sec z, ,i sec Z 

star7, C (r t-og) r aem, -i~g)No. star star star ' , condition

.,., .-.l, i 2 .o1 7 1' ; . Exceptionally good
A.. - .... ,' r . I5( . Good.

1 . T. ' C -- Clearing after haze.
.. ,, 7; .> Noticeable haze

:I.' , ;,- ,.' tl.,i;:. . C(*i'B i .o ' ;.,77 jo . 7' 4 S , Moderate
(Ial i; ,' ( 'yil i ea lt':.: 1c)i3 if.!).o I. J'Z7 7 49 9.8 Fairly clear

., .;,, r (. x , 2, ,6 , io.2 Quite good
. \ '1 C' '". : rl . o.: 4 I.(27 o|i 74 s. Very good,

. (; '',: j 11.., !.65 , O .2. Moderate
,.l :', ;' ,; (' \(r Xt 5 1 .4t2 o.447 71 .52 T. Moderate

;: ..:,.;, .;: ; :L r,'L A lrs . , r'S .; 749 l-o.i Good
ti , C ;:'a .....;; .\U:i I, ,. 2.I50 °1 .- ' .i 7.;7 1 Fairly good

-, >,5 i (ass ,%' Alrl I'.,5 I.oi 0,;| 7.S 72. 1 Quite good

*.T *. -; as i 6 -,:I ri ' Ii .o - z ! 3 7i,3 i t 753 j .o Fairly good
Dec ; C::ass :| ,A ri 75- 3 . Good, fog on horizon
Dec :: ,5 ' ?C's x .\ rC 1 .l1) 2.r)7 0 .99 7t -4 Light yalley fog

... - .::.nri C U j .I 1.764 .7.,3 5 - 4.r, ii Strong ground haze
,, ! , A v. , 31 T S5 jo; i Moderate valley fog

Reproduced from
best available copy.

The values for the extraterrestrial brightness differences Am0 used for

the extinction determination of the star pair were taken from the results of the

Goettingen spectral photometric work [19]. Inasmuch as the spectral exposures

were obtained with nearly the same dispersion at Goettingen and at Jena, and the

workup and particularly the measurement of the recorder curves were followed by

the same procedure, and in part by the same observer, differences in conception

of the continuous spectrum are not to be suspected, particularly since only star

pairs of the spectral types B and A were used for the extinction determination.
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The balanced values of the monochromatic magnitude classes mA taken from Tables

14 and 15 of the Goettingen publication 50, and based on the average of the Ao

stars were used for all observations, as well as the differences formed from the

star pairs used at any time and the values Am0(X) for the wavelengths measured

at Jena interpolated from a graphic average formation of both systems S and T.

The monochromatic extinction coefficients k
X
were determined for the indi-

vidual observations from the combination of above values Am
0
with the observed

brightness differences Am and the path length differences Asec z known from the

observation time; the results are reproduced in Table 2 without any refinement.

Inasmuch as the average error of the Goettingen values Am amounts to no more

than 0 m2 and the uncertainty of the Jena measurements are estimated at about

0 03 due to the favorable circumstances, the purely photometrically induced

average error (which ordinarily has a value of k of the order of magnitude 1 de-

rived from a path length difference) may be estimated at about 0 04. The syste-

matic accuracy is guaranteed mainly by the photometric scale of the Goettingen

spectral photometry, which is certified by several independent calibrations to

at least 0.01. The uncertainty of the Jena lattice constants does not practi-

cally enter into the results because of its slight bridging of the brightness

differences. The errors which can arise in the extinction coefficients by the

varying visibility at great and close zenith distance are difficult to grasp

numerically; they can be eliminated by averaging the results from different

nights.
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3. The Gradients of the Extinction Coefficients and Their Correlation with
Visibility

A linear statement of the form Reproduced from
best available copy.

can serve as the first approximation for the wavelength dependence of the

extinction, which directly yields the extinction factor A = 0.921 g for the re-

duction of the observed gradients from the color temperatures. The values of

the spectral g derived from 18 observations at Jena by calculated equalization

in the spectral range 400 mp < X < 640 mp, and the extinction coefficients k
0

for the wavelength 500 mu are given in Table 3. The average deviation from the

observed monochromatic extinction coefficient from the linear representation

amounts to only +m032; the average error of a gradient obtained from this comes

to +0.02. Table 3 further shows the values for the visual extinction coeffi-

cients k
v
determined from the linear interpolation formula, corresponding to

the wavelength 500 my, and the values for the photographic extinction at 430 mp. /6

It may be seen from the values of k that the visibility at Jena is generally
v

rather poor; visual extinction values of 0O3, which may be considered a normal

average for other locations, may only be observed in the clearest nights. Inas-

much as the visual extinction coefficient in a non turbid atmosphere amounts to

roughly 01l, the visual turbidity factor attains a value of 3 to 10 for the

measurements at Jena. This material of observation is therefore particularly

well suited for a systematic investigation of the extinction behavior for dif-

ferent degrees of turbidity.

Because of the pronounced turbidity, the spectral gradient of the extinc-

tion coefficient is also appreciably greater for the measurements at Jena than

for other observatories from which spectral photometric extinction determina-

tions are available. At Jena we obtained for the coefficient A - 0.921 g an

average of 0.580 with an average deviation of ±0.133, while the corresponding

value for other observatories, according to the summary in Table 4, is always

between 0.3 and 0.5. These gradients, however, are not strictly comparable

among themselves, since they are dependent on the limitation of the spectral

range employed and, to a certain extent, even on the distribution of the chosen

wavelengths within this range. The comparison of the extinction at different
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locations, therefore, is given later (Section 8) on the basis of a better

description.

TABLE 3. GRADIENTS AND VALUE OF INDIVIDUAL EXTINCTION COEFFICIENTS

No, C l;
. .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~.. . .... . . _ - . . ... ._ -..... .. .. .

[,; ,....

i.~

.7',.%

.5'J

Average value
Average deviation

*o., 0 .:- J7

:I)I ,,.

TABLE 4. GRADIENTS OF EXTINCTION AT VARIOUS LOCATIONS.

Location A k Observer

I I

Ann Arbor (Mich.) .
Babelsberg . . ...
Cambridge (Mass.) .
Goettingen ....

Greenwi ch
Kiel . .
Potsdam .

Wias hington

0.30
0.30
0.54
0.31
0.40
0.62
0.32
0.38
0.26
0.31
0.32
0.36

0.21

0.11
0.26
0.60

0.33
0.23

0.29
0.34

R. C. Williams [39]
W. Becker [5]
B. P. Gerasimovic [10]

J. Wempe [38]

W. M. H. Greaves et al
H. Jensen [17]
G. MUller [30]
J. Wilsing [41]
J. Wilsing [42]
C. G. Abbot et al. [1]

The individual values of g and kv from 18 Jena determinations show a close

connection, as is to be expected. The correlation coefficient amounts to r =

= +0.80 ± 0.08. The graphic representation of this statistical relation

(Figure 1) shows, in addition to the regression line g = 0.325 + 0.565 kv,

11

1 [16]

i, ,) ;

:.7 -i'; f
., .,...

O.L'. i;

L J

: : I . . . . . .
. . . . . . . . .



another straight line, which is derived from the law of the fog extinction

(Section 7). The gradient of groups of varying visibility from the Goettingen

observations (the average of three of which are reported in [38], extrapolated

to the whole spectral range of 400 mi < A < 650 mp, are shown as open circles

in Figure 1; they fit in well, along with the results of a few other observa-

tions (Table 4), with the relation to the visual extinction derived from the

Jena measurements, although more accurate investigation (compare Section 9)

disclosed systematic differences between the extinction at Goettingen and at

Jena. The practical conclusion follows from this that a considerably more ac-

curate regard for the extinction can be reached for spectral photometric obser-

vations even with the slight effort of carrying out a visual extinction deter-

mination, or by a mere estimation of the visibility, than by the use of average

extinction coefficients. On the other hand, the often raised or expressed de-

mand for an individual spectrophotometrical extinction determination is shown

to be exaggerated, at least for the derivation of relative gradients.

~,..

k

Figure 1. Correlation of the Spectral
Gradients g with the Visual Extinction
k .o individual Observations at Jena;

g9~~~~ ~gI:gure i. Correlation of the Spectral
Gradients g with the Visual Extinction
k .o Individual Observations at Jena;

o, Group average Goettingen; A Average
v\alue Babelsberg; + Average value Kiel;
x, Average values Potsdam; ---, Regres-
sion line at Jena observations; -
lxponential equation for fog extinc-
tion (a = 1.5).

4. The Separation of the Various

Extinction Components.

The attenuation of light in

the terrestrial atmosphere is in-

fluenced by three different pheno-

mena:

1. scattering on the molecules

of the permanent gases;

2. line and band absorption by

the various constituents;

3. scattering and absorption by

haze particles (fog). For the first

component, the law of dependence on

wavelength is known, and the amount

of extinction may be obtained from

theoretical considerations (Ray-

leigh scattering). The question of

an enmpiricai test of the theory

-1 
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depends on whether tue other components of the observed total extinction can

be separated satistf;rorily. The second component, the selective extinction,

may be recognized wi'hco. . furt..:(- effort at the spectral resolution, insofar as

the absorption is - .ecided line er nand character and the resolving power is

sufficient. This i. 1:he case, for example, for the narrow bands of oxygen at

687 my, as well as the numerous strong bonds ',f water vapor in the long wave

spectral range. The separation Co the expanded ultraviolet band of ozone is

more difficult and can be left ouz at this time since it is outside the nor-

mally considered spectral range. fhe weak Chappuis band of ozone in the visible

range between 450 mi and 700 mp is not ordinarily resolved for spectral photo-

metric purposes by the use of slight dispersion. The absorption activated by it

is thus made applicable as continuous extinction and cannot be separated from

the other components without further ado. This also applies to the numerous

fine water vapor lines which are particularly accumulated around the wave-

lengths 590 m; to 650 myi, 660 mv, and 700 mi.

The empirical possibility of separation from the other components is con-

troversial for the continuous extinction caused by the diffusion of the water

content of the atmosphere. For the spectral bolometric recording of the solar

spectrum on Mt. Wilson (1,730 m) F. E. Fowles [9] attempted a separation of the

water vapor component (transmission coefficient pw) of the extinction of the

dry atmosphere (transmission coefficient pa ) by the trial solution p = paPW, or

expressed in extinction coefficients k = ka wkw, where w indicates the total

water vapor content of the atmosphere as thickness of an equivalent layer of

water, determined at the same time from the band absorption. It was pointed

out by F. Linke [25] that this procedure would yield an extrapolation to a fog-

-free atmosphere only when the water vapor content was strictly correlated with

the fog mass encompassing all turbidity-forming particles. However, this is

certainly not the case at least for the observation stations at low altitude.

Thus, for example, t , -tinction coeffic ents k
0
observed at Jena show no

correlation worth men ioning (' = + 0.16 ± 0.23) with the ground vapor pressure

e, which, at least statist,': is linearly related to the total water vapor

content u of the atmospher_. ;t cour.-c, an empirical linear relationship ap-

pears to have )>Žc: obtaine ...- owle, for observations at greater altitude,
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between the observed monochromatic extinction coefficients and the water vapor

content. Still, F. W. P. Goetz [15] obtained a separation of the two extinc-

tion components which deviated significantly from the Fowle result. This was

carried out with the same and further material of observation (Mt. Wilson and

Montezuma), in any case with the ground vapor pressure as a parameter for the

water content of the atmosphere, by a non-linear graphic extrapolation. The

water vapor extinction, or fog extinction, respectively, can thus not be sepa-

rated unambiguously from the extinction of the non turbid atmosphere by a

purely empirical procedure. The only possibility left, therefore, is to derive

the extinction value arising from the permanent gases by other ways and to de-

termine the variable component of the fog extinction as difference against the

observed total extinction.

5. Calculation of the Extinction by Molecular Scattering /8

The law of scattering of light on small particles just developed by Ray-

leigh (compare, for example [26]) is valid for the transmission coefficient

R = ea of a non turbid atmosphere of the homogeneously reduced altitude H un-

der normal pressure (760 mm)

where X is the wavelength, n--the diffraction index, and N--the number of

scattering particles in a unit of volume. J. Cabannes [6,7] abandoned the sim-

plifying assumption of a spherical shape for the scattering particles, (because

experience could not confirm the conclusion of the Rayleigh theory that scat-

tered light is completely polarized below 900) and introduced an optical anis-

otropy of the molecule, which resulted in a correction for the Rayleigh coeffi-

cient c(X) by the factor

:. ~...' , epr ed aom
le coPY

The constant P is obtained from the laboratory determination of the degree of

polarization [6] for atmospheric air of p = 0.042, the factor C is therefore

1.073. While this elaboration of the Rayleigh theory, along with the consider-

ation of the secondary diffusion could clear up the incomplete polarization of

the atmospheric scattered light, according to J. J. Tichanowsky [35],
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difficulties arose through the introduction of the anisotropy factor C for the

representation of the observed extinction coefficient. Cabannes [7] was forced

to figure with a particle number per unit volume (N = 2.91 x 1019 ) during a

discussion of the extinction coefficient for dry air derived by Fowle, which

was in contradiction with all other determinations of the Avogadro number,

while the original Rayleigh formula came very close to the correct value (N =

= 2.70 x 10 19). Of course, T. Kiu [20] later derived a plausible value for N,

namely (2.74 + 0.04)-1019, by introducing a Rayleigh extinction term from water

vapor (along a neutral component) and with the retention of the anisotropy

factor. T. W. P. Goetz [15], as already mentioned, found extinction values for

the dry atmosphere by a nonlinear reduction of the water vapor component,

which could be somewhat better represented in the visible spectral range with

the use of the Cabanne factor than without it. On the whole, however, it

seems that an informal interpretation of the extinction observations by the

original Rayleigh formula might be better; an indirect conclusion to be re-

ported later (Sections 8 and 9) also speaks against the introduction of the cor-

rection factor. Therefore, the monochromatic transmission coefficients PR =

ea and the corresponding extinction coefficients k
R

= 1.083 ae for a clear

non turbid atmosphere expressed in class magnitudes, were computed without the
19 3'

anisotropy factor with the constant H = 7.991 km and N = 2.70o10 cm3 . For /9

the course of the diffraction exponent n with the wavelength there were used

values obtained by T. Kiu [2] by a graphic equalization of numerous-older de-

terminations combined into an average value with one derived by Meggers and

Peters [27] from an interpolation formula by systematic measurements.

The calculated values of PR and k
R

obtained in this way are reproduced in

Table 5 for the convenient interpolation at narrow intervals.

6. The Absorption of Ozone in the Visible Spectral Region

The optical layer density of ozone occurring predominantly in the higher

atmospheric layers are generally determined from the strong bands in the ultra-

violet; it amounts to an average of about 3 mm. This value is subject to a

systematic variation with the geographical latitude (minimum of about 2 mm at

the equator) and irregular local and temporary fluctuations. It also shows an
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TABLE S. RAYLEIGH EXTINCTION COEFFICIENT kR

FACTOR pR FOR 760 mm PRESSURE.

AND TRANSMISSION

i k '
! __ I _ 

i700 MY 1 on)o3

720 0o.o33
740 0.:30
?6o0 0.027
780 o.02Q'

Soo 0.0o2
850 o.o17
900 0 o.or0

50 0o.o01
rooo i °)o.oc

00o 0.004

2i00 0 001

3000 O .OOI
15800 1O.G0
3000 0.000
4000 1 O.1OO
5000 0o.00

Iooo 0.000

annual progress (maximum

amounts to about ±20%. A

[11], the density of the

in the spring), whose amplitude at high

According to the results summarized by F.

latitudes

. W. P. Goetz

ozone layer in relation to position and time may gen-

erally be given with an accuracy which is sufficient for the estimation of

relatively weak ozone absorption in the visible spectral range.

There are two independent determinations for the absorption coefficients

of ozone in the region of the Chappuis bands. The measurements of G. Colange

[8] chemically determined the amount of ozone contained in three absorption

tubes of a combined length of 6 m (optical density 18 cm), while A. Vassy [36]

determined the effective amount of ozone (7 cm to 26 cm) for his measurement

spectrographically under the assumption of the ultraviolet absorption coeffi-

cients determined by Ny Tsi-Ze and Choong Shin-Piaw. The results of the two

investigations are reproduced in Figure 2 in such a manner that besides the
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decade-expressed absorption coefficients a per mm, the extinction may also be

read off in class magnitudes for a layer thickness of 3 mm in relation to the

wavelengths. A variation of up to 30% in the maxima of the two measuring

series may be connected with the use of very different dispersions (32A/mm for
o

Vassy, about 100 A/mm for Colnage). A similar difference is also present with

regard to the temperature dependence of the absorption coefficients; while

Vassy [37] determined an increase in absorption by 20% to 50%, when the temper-

ature was reduced to -100° in connection with the measurements of Colange

(which were set up at room temperature), L. Lefebvre [22] found no marked tem-

perature effect for the Chappuis bands. Since a temperature of about -350 C is

to be assumed [4] for the principal mass of atmospheric ozone on the basis of

the observed temperature effect for the Huggins bands, the absorption coeffi-

cients of Colange should be increased by about 10% based on the findings of E.

Vassy. These values were assumed for the determination of the ozone absorption

in the atmosphere; the remaining uncertainty in comparison with the observation

accuracy of the total extinction is not serious due to the slight absolute

amount. 
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0.01

rn
_ -- !! 

I~ ~~~~~~~~~~~ ··i ' ' ' , ' L-- 'Ogo

L_4.:-----i --. , C -i-_~~_---L -"----4;-i 0.03

'~- .. ,-- vo,\. o

s , ,7,, $pl t
; '/o , ,

L-A 0.02

L. ,

i -- t----··- ,Qj%' , 

:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i~~~~~~~~~~~~~ 

50,s 500 550 6'00 650 700 750

P1

Figure 2. Chappuis Bands of Ozone. -, According to
A. Vassy, ---- , according to G. Colange. a, Decode
absorption coefficient per mm; k, Extinction in class
magnitude through 3 mm ozone.
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7. The Wavelength Dependence of the Fog Extinction According to the Observa-
tions at Jena

The fog extinction kD was derived from the observed amounts of extinction

kA (Table 2) by subtraction of the Rayleigh extinction k
R

according to Table 5

(multiplied for the barometer level b with b/760) and the ozone absorption ko
03

according to Figure 2. To simplify the further computation and to balance out

the errors of observation, the 18 individual measurements were here assembled

into three groups, which were limited as follows according to the observed

average extinction ko:

k

<0.53
0.53 to 0.68

>0.68

Observation No.

1, 6, 7, 8, 15, 16
2, 3, 5, 11, 13, 18
4, 9, 10, 12, 14, 17

2.6 25 24 23 22 2.1 20. 1.9 18 

B~~~~~~
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Figure 3. Extinction Observations at Jena, Determined According
to the Optical Visibility (I, II, III). o, Observed extinction
coefficients; 0, Fog extinction; - , Rayleigh extinction; ----
Ozone absorption.
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The course of the fog extinction and the observed total extinction for

these three groups along with the Rayleigh extinction and the ozone absorption

are represented in Figure 3. It may be seen from this that the fog extinction

increases considerably less toward the shorter wavelengths than the Rayleigh

component; at about 400 mp kD becomes almost constant and even almost goes

somewhat back into the ultraviolet. A decreasing fog extinction, the other

side of 400 mp, was also determined by F. W. P. Goetz [12] from measurements on

a terrestrial basis.

In analogy to the Rayleigh formula kR - I/X4 , the mathematical expression

k
S
- I/XA approximates an interpolative representation of the extinction coeffi-

cient k of the fog. On theoretical grounds it is, of course, not to be ex-

pected that this expression would be strictly valid in a greater wavelength

range. For the scattering on pure water small spheres of certain size, the

computations of Stratton and Haughton [34], carried out on the basis of the

Debye-Miesch theory, do not give a monotonic development of the extinction co-

efficient with the wavelength, but rather the existence of a decided maximum at

a wavelength which is approximately equal to the radius of the droplet. On the

long wave side of this maximum, an approximate representation of the extinction

development appears to be possible by a power of the reciprocal wavelength,

while on the short wave side, according to the presentation of F. W. P. Goetz

[13], the exponent a changes fast with the wavelength and can also assume a

negative value. When mixing water droplets of various sizes, a certain bal-

ancing may be expected by the overlapping of the maxima from the individual

droplet diameters, even if the examples calculated by F. Linke [25] do not yet /11

show any' approach to a monotonic development. A direct application of such

theoretical discussions about fog extinction has the disadvantage that the

natural fog particles do not consist of pure water droplets, but are always

attached to solid condensation nuclei. As a further constituent of atmospheric

fog for low moisture, solid particles (dust) must be considered, whose spectral

extinction development is characterized (according to the calculations of F. W.

P. Goetz [14] by an almost sudden transition from the Rayleigh scattering (a =

= 4) to neutral absorption (a = 0) with an increase of the particle radius p to

the value P/A = 0.16, while, according to the experimental results of F. Linke



and H. V. D. Borne [24] this transition is extended to a range of at least two

powers of ten in the particle radius (10 1 6 to 10
-
4 cm) within which the wave-

length exponent a varies monotonically with the particle size. Therefore, the

exponential equation for the fog extinction can generally be evaluated only for

an interpolative representation, whose physical interpretation by the combina-

tion of the exponent a with the particle size requires a knowledge of the com-

position of the fog.

The representation of the transmission coefficient PD for fog in the form

was used by A. Angstrom [3] for the definition of the turbidity coefficient a

as a measure of the total turbidity mass contained in the atmosphere. Under

retention of these designations which are familiar in meteorological litera-

ture, the extinction coefficient expressed class magnitudes becomes

The constants a and S are most simply obtained graphically or by calculation

from the empirical values of kD by the linear relation

lok - - a log 2 - log, ' - o.o36.

A class description (for astronomical concepts) of the degree of atmos-

pheric turbidity is obtained, when instead of the turbidity coefficient 8 of

Angstrom, the zenithal fog extinction for a certain wavelength, expressed in

class magnitudes, for example X = 550 mp, is introduced. In the following

this magnitude is indicated under the designation "visual fog extinction" KD =

= 1.086 (1.818)
a
c, by the turbidity coefficient B.

The constants a and 5 were determined by calculated equalization of log

kD in the spectral range 410 mu < A < 650 mu, with the use of the above desig-

nations for the observations at Jena. Due to the steeply rising optical den-

sity, the first measuring point at the red end at 654 mp was excluded because

the photometric evaluation is unsure for the type of plate used (Agfa Isopan

ISS) at this point. The limitation at the short wave end was undertaken
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because of the expected systematic deviation from the interpolative equation.

For the constants a, f and K, the following values were obtained for the three

optical visibility groups:

a 8 K
I 1.52±0.06 0.090±0.004 0.244

II 1.56±0.05 0.132±0.002 0.364
III 1.46±0.05 0.239±0.001 0.622

The computation was also tried with the Cabanne formula for the molecular

extinction: the result in that case is a I = 1.42; all = 1.49; aII
I

a 1.42.

This result is remarkable in that in spite of the great variation in visi-

bility for all three groups the same value is obtained for exponent a, on the

average a = 1.515 ± 0.05. From this it may be concluded that the mixing ratio

of the various particle sizes contained in the fog does not vary appreciably

with the increase in turbidity, since we are dealing with substantially the

same composition of the fog (water droplets) within the turbitidy range of the

observations.

The quality of the representation of the fog extinction by the exponential

equation may be judged from Table 6, which shows, besides the observed total

extinction from which the Rayleigh extinction (for 760 mm pressure) was sub-

tracted and the attached ozone absorption, the values of the fog extinction for

the three visibility groups and the remainder (observation-computation)

obtained by the computation against the interpolative formula with the uniform

exponent a = 1.50. The average deviation in the spectral range considered for

the equalization is only ±T+10; the largest positive remainder appears in the

neighborhood of 580 mp, where a reinforced extinction should be expected due

to the bunching of many fine water vapor lines. Of course, at this location

the ozone absorption is also particularly great and is determined with uncer-

tainty. However, the increase in the remainder with the turbidity would indi- /12

cate that the deviation is due to the water vapor. The accuracy of this inter-

pretation is also confirmed by the following estimation of the total amount of

live absorption. When the lines are counted (according to their estimated

intensity) which are explicitly ascribed to the atmospheric water vapor in the

Rowland tables of the solar spectrum [18] and are recalculated in total
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absorption according to the calibration of the Rowland scale by Mulders [28],

then there is obtained in a spectral range of 80.55 A spread a summarized equiv-

alent latitude of the non-resolved lines (Rowland intensity < 4) of 2.56 A ;

this corresponds to a depression of the continuous spectrum by 0 35, i.e., the

exact order of magnitude of the remainder against the interpolation formula.

When this region of selective absorption is excluded from the equalization dur-

ing the determination of the constants a and 8, then the wavelength exponent of

the fog extinction is only slightly larger (average a = 1.55).

The mathematical interrelationship that is found for the exponent a which

is independent of the turbidity permits a convenient representation of the mono-

chromatic extinction for various degrees of turbidity. If the total extinction

is known from observation for any one wavelength X0, then the fog extinction

kD(XO) is obtained by subtracting the Rayleigh extinction kR according to

Table 5 and the ozone absorption k03 according to Figure 2. From this we ob- /13

tain the fog extinction kD(A) for any desired wavelength X within the visible

spectral range by kD(X) = (X0/X)a kD(XO) and the total extinction by the addi-

tion of the molecular and ozone components.

The spectral gradients of the various extinction components may be assem-

bled in the same manner. The following summary contains an illustration of the

gradients of the Rayleigh extinction

and the fog extinction

for a few wavelengths and the visual fog extinction KD = Om2 0:

The gradient of the ozone absorption may be computed numerically for the chosen

wavelengths. It amounts to go3 = -0.045, for example, in the range



400 mi < X K 650 mi, for the scale used for the Jena observations, while the

average gradient of the Rayleigh extinction in the same range amounts to gR=

= +0.337.

TABLE 6. FOG EXTINCTION FROM THE OBSERVATIONS AT JENA.
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On the basis of these relationships, the purely statistical relation (in

Section 3) between the spectral gradients and visual extinction may now also be

treated. When the fog component gD = ckDX is introduced into the gradients

g = gR + gD' and kD is replaced by kv - (k
R

+ k0 ), by definition, then there

is obtained for wavelength X = 550 m with the given numerical values

This relation is shown in Figure 1 near the regression line. Because of its

systematic foundation, it is more advantageous than the statistical result for

the determination of the gradient from the visual extinction.

8. The Wavelength Exponent of the Fog Extinction from Observations and Other
Sources

If the interpolation formula for the fog extinction used at the Jena obser-

vations were to attain general validity with about the same wavelength exponents,

then the consideration of the extinction at the spectral photometric investiga-

tions would need to be considerably simplified and would not require a new em-

pirical determination at each observation location or even for each night of

observation. It is therefore of interest to check whether the spectral photo-

metric extinction observations available from other locations could also be

represented by the equation k
D

= 1.086 S/X
a
. This question has already been

discussed from the meteorological standpoint, since the use of the coefficient

B as a measure of turbidity, which was proposed by A. Angstrom [3], is derived

from the assumption that the wavelength a of the fog extinction is a universal

constant. Angstrom found this assumption confirmed, with a value a = 1.3,

from the spectral bolometric extinction determinations carried out within the

framework of the solar constants determinations of the Smithsonian Institution

in Washington and on four mountain stations (Bassour 1,160 m; Hump Mountain

1,500 m; Mount Wilson 1,780 m; and Calama 2,250 m); he believed that he could

conclude from this on a uniform diameter of the fog particles of the order of

magnitude of li. In contrast to this, however, F. Linke [24] found from the

same observation material a systematic increase of the exponent a with the al-

titude of the observation locations, and he saw in this result a confirmation

of the suspected decrease of the average particle size with altitude. The
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reason for this contradiction is to be sought in the different procedures for

deriving a: Angstrom uses for the molecular extinctionwthe theoretical amount

according to Rayleigh and limits himself in the calculation of the exponent a

to the two wavelengths 450 m.i and 900 mp. The ozone absorption therefore does

not play any part in this. Linke, on the other hand, deducts the empirical ex-

tinction coefficient extrapolated by Fowle from the disappearing water vapor

content and derives the constants a and.B by a graphical equalization for the

whole spectral range. Linke also considers it necessary to reduce the observed

extinction coefficients to normal pressure by multiplication with 760/b, in

order to obtain in the coefficient $ a measure of the specific, i.e., the tur-

bidity on the basis of the same true mass of air; while Angstrom determines

from the unreduced extinction coefficients the actual mass of turbidity present

at the observing station. The values of S therefore differ by the factor 760/b

for Linke and Angstrom, while according to Linke, the value of a is not altered

by this difference. Actually, however, the ozone absorption is also affected

by the reduction of the observed extinction coefficients. Thus, for example, /14

it is increased at mountain stations by the factor 760/b, while for the deriva-

tion of the fog extinction it is only reduced by the normal value (i.e., with

the Mt. Wilson result it increased by the factor 760/b). Even though this

error is not very great, it can make itself felt as a systematic response to

the altitude. In any case, it is fundamentally better to dispense with the

reduction of the observed extinction coefficients to normal pressure, since it

is only significant for the molecular component; while it is wrong for the

ozone absorption and has only a purely formal significance for the fog extinc-

tion.

The recent discussion reported in the following sections about the extinc-

tion determinations available in the literature, therefore proceeds from the

unreduced results of observation and treats the various extinction components

according to their own mathematical interrelationship. The derivation of the

fog extinction was followed in detail in the same way as for the observations

at Jena. The molecular extinction (for the Rayleigh amount) for the correspond-

ing air pressure and the ozone absorption, according to the absorption coeffi-

cients determined by laboratory investigations, was subtracted from the
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measured total extinction. Where the air pressure was not known directly at

the time of the extinction observation, the Rayleigh extinction was computed

with the average air pressure corresponding to the local altitude level. The

systematic variation of the equivalent layer thickness with the geographic

latitude and the time of year was taken into consideration for the value of the

ozone absorption.

In order to compensate for an arbitrary choice which is difficult to avoid

during graphic equalization, the constants a and B were derived by the equaliz-

ing computation of the relation

-lo>Ag iIs) _-- x- lcog +. og '10 - 0.036

in the interval 400 mp--< X < 700 mp (insofar as it is covered by measurements).

The average errors that are obtained thereby are, of course, only a criterion

for the inner precision of the representation and not for the absolute uncer-

tainty, which can be particularly greater for the fog magnitudes at the moun-

tain stations. Whenever possible, only the directly observed was used as the

basis for workup, i.e., not recalculated later to other wavelengths or used

graphically interpolated extinction coefficients, since the wavelengths expo-

nent a could easily be influenced by a smoothing out. Furthermore, the under-

lying principles and procedures were subjected as much as possible to a control.

This, for example, proved to be most informative for the transmission coeffi-

cients of Abney [2] which were carried out differently [for example in [33]]

than for a confirmation of the Rayleigh X)' law for total extinction. Actually,

for the Abney measurements, the reflected, nonrefracted solar light from::the

first prism surface served as comparative brightness for the individual wave-

lengths, so that fundamentally a neutral component of the extinction could not

be detected. These observations, therefore, could not contribute anything to-

ward the investigation of fog extinction.

The following paragraphs first give some explanations about the spectral

photometric extinction investigations at the various locations: the results

for the constants a, B, and K of the fog extinction are then summarized in a

review in the next section.
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a) Goettingen

Two observational series for the determination of the extinction were

carried out within the limits of the Goettingen spectral photometric investiga-

tions, both according to the procedure used at Jena for the measurement of star

pairs. The first series was obtained during 1930-31 with nonexpanded lattice

exposures and extends only to the short wave portion of the spectrum (X < 500 mp).

The number of observations is rather great, but the weight of the individual

measurement is low, because the zenith distance was restricted during the expo-

sures to a maximum of 50% due to the danger present for unexpanded exposures of

a systematic falsification by the atmospheric disturbance. The path length dif-

ference for the two stars, therefore, amounted to only 0.3-0.5. The results of

this observational series are reported separately in groups according to visi-

bility [38] and are represented by an exponential equation for the total extinc-

tion. The same unrefined material was then used for the derivation of the fog

extinction. The groups with the best visibility were eliminated from this,

since they are represented practically by Rayleigh scattering itself (the ozone

absorption generally lies outside the observed spectral range). There thus re-

main for treatment a group (a) of average visibility of the star pair B Cass--

--a Pers and one each of a group of average (b) and poorer (c) visibility of

the star pair B UMaj--n UMaj. The second series of observations [20] was set

up in 1934-35 for the exposures in connection with the stellar radiation on a

terrestrial source of light of known intensity distribution and was supposed to

serve for the control of the extinction occurring here with full magnitude.

The stellar spectra were expanded and exposed on panchromatic film, but always

without lattice and not always in symmetrical arrangement of the star pair

serving for the extinction determination. The reduction was made with optical /15

density curves, which were obtained from the lattice exposures of the artifi-

cial star. The treatment was particularly difficult in the range of about 500

mi, because the low sensitivity of the photographic layer coincides here with a

fast change in gradation and an increased difference in optical density between

star spectra and scale exposures. The individual results show an erratic be-

havior in this region due to tCie lower precision of measurement, which must be

rendered harmless by averaging or smoothing. inasmuch as there is unavoidably
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some latitude in this process of treatment by arbitrary choice, several possi-

bile solutions were discussed which would evaluate the influence on the para-

meter of fog extinction. The method reported in [20], based on twelve "syste-

matically improved" night values derived by F. Beileke, was designated Solu-

tion A. Another total method (B) was formed from the original data of 13

nights without assigning any weight. The same material was further separated

into two groups according to visibility, in which the observations of 6 nights

with greater visibility (Solution C) were combined with those from 7 nights

with lower visibility (Solution D) with rounded off weights regarding the path

length difference used. The monochromatic extinction coefficients for these

four combinations are assembled in Table 7. For the wavelength exponents of

the fog extinction there was obtained a difference between Solution A on the

one hand, and the other solutions on the other hand, which markedly exceeded

the formally calculated average error. This must be ascribed to the influence

of the graphic rounding off for solution A and on the elimination of an obser-

vation.

TABLE 7. GOETTINGEN EXTINCTION COEFFICIENTS.
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In addition to these two series of observations at Goettingen, there are

also the older extinction observations of H. Rosenberg [33]. These, however,

do not present any independent determination of the amount of extinction, but

only graphically rounded off values of relative reduction factors of the Pots-

dam visual extinction table. Therefore, results for the parameter of the fog

extinction (a = 2.53 ± 0.25; B = 0.044 ± 0.007), which greatly deviates from

the more recent Goettingen series, cannot be given any importance.

b) Kiel

Some individual stars were followed spectrophotometrically in the observa-

tions initiated by H. Jensen [17]. The results of 8 nights with 19 observed

stars are given directly as average value of kX, so that a separation according

to differing visibility is not possible.

c) Babelsberg

The derivation of the transmission coefficients was carried out by W.

Becker [5] on six nights with part good and part average visibility by observa-

tions of a star pair which was exposed alternately in the east and west. The /16

extinction coefficients in the west were always Om-ll greater than in the east.

The average was used for the derivation of the fog extinction, since the differ-

ence could not be clearly explained.

d) Potsdam

The numerous reports about the spectral transmission of the terrestrial

atmosphere which may be found in the publications about the extensive spectro-

photometric and bolometric work carried out at Potsdam are not independent of

each other, but go back exclusively to the same surprisingly few observations.

Thus, all extinction corrections which are given about the temperatures of the

stars in the investigations of Wilsing and Schneider (Publ. Nos. 56 and 74)

rest on the visual spectrophotometric measurements of the sun which G. Mueller

[29] carried out in six days during 1882 (only in the afternoon), and whose

results for the transmission coefficients were later reported parenthetically

in another connection (Publ. Vol. 8, p. 7). Only the original observations

were used for the discussion of the fog extinction.



A similar series of measurements were carried out by G. Mueller and E. Kron

[32] at the end of the Teneriff Expedition (Publ. 64) in the fall of 1909 on

three sunny days and the next moonlit evening. The morning and afternoon ob-

servations of the individual days treated separately show considerable wave-

length dependence differences, so that the fear expressed by J. Wilsing [41]

about a systematic falsification of the transmission coefficients by transient

variation of visibility prove correct to a high degree for these measurements.

This short series of measurement should therefore not be given any great weight.

A report about the results of a new treatment of the Teneriff observations can

be foregone here, since these measurements do not carry any weight worth men-

tioning because of their low number and the narrow spectral range that they en-

compass compared to the wealth of material from the mountain stations of the

Smithsonian Institution.

An extension of the extinction determination on the short wave portion of

the spectrum was undertaken by J. Wilsing [40] through photographic exposures

of the solar spectrum on three days in June 1911. The evaluation, however, was

only followed relatively with an assumed visual transmission coefficient (k590

= 0.805), so that these measurements cannot yield an independent contribution

to the fog extinction and can only serve for the derivation of a gradient

(compare Table 4).

A larger number of extinction determinations is contained in the spectro-

bolometric investigations of J. Wilsing [41] for the determination of the solar

temperature. The results are subjected to a very detailed discussion, in which

the individual steps are not always entirely clear in their meaning. The direct-

ly observed values of the transmission coefficients (Solution A) receive a sys-

tematic improvement (Solution B) because of the periodic variation of visibility

during the course of a day. These improved values serve for the derivation of

the energy distribution in the solar spectrum, from which the "true" trans-

mission coefficients (Solution C) were then derived, while a few graphic and

computational rounding off procedures gave the "normal curve" of the extinc-

tion for Potsdam. An example as to how far the various reductions affect the

determination of the fog extinction, the material of the 1914 observation was

used for the derivation of the parameters a and S from all four solutions, with
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the following result:

Solution A 2' ' . '2
Solution B ... . o ( u;.li) O . 2:

Solution C o.$ u-. .o 9 --; - o.(:6oS O.292
Normal curve - . o.6 oo. 0-;

One can see from these numbers how strongly the results from the same observa-

tional material can be influenced by subsequent treatment. The fog extinction

designated B is to be taken as the decisive solution, since it contains all

confirmable systematic improvements, but has not yet been subjected to any

rounding off.

While the transmission coefficients discussed above were obtained only as

a subsidiary result during the determination of the spectral energy distribu-

tion of the sun, J. Wilsing [42] undertook in 1917 and 1918 further extensive

bolometric measurements in the solar spectrum for the purpose of investigating

atmospheric transmission. In order to free himself from the feared main source

of error, the periodic variation of visibility during the course of a day,

Wilsing did not determine in this work the transmission coefficients from the

variation of the observed intensity with the path length (zenith distance), but

rather derived these for the individual zenith distances from the ratio of the

intensities measured at the various wavelengths and the postulated energy dis-

tribution in the solar spectrum. The results thus contain the extinction

values used in the determination of the solar temperature and their dependence

on wavelengths, so that the transmission coefficients are not independent of

one another. Furthermore, the spectral transmission of the whole arrangement

of measurements, which also become a part of the extinction results, could only /17

be determined independently for the longwaved portion of the spectrum in the

laboratory. For the shorter wavelengths, it was derived from the previously

photographically determined (Publ. 66) energy curve (X < 660 me) of the Sun.

The extinction values given here, which rest on a few observations, also enter

into the new extinction determination. It must be further considered that the

spectral exposures of the solar spectrum with its abundance of lines, which the

spectrograms obtained with greater dispersion, should be appreciably better

than the bolometric measurements, so that the relative energy distribution can-

not be set equal to each other in the two cases without further consideration.



On this basis it may be expected that the transmission of the order of measure-

ment will be found too low by a value which is approximately equal to the de-

pression of the solar continuous spectrum by the absorption lines which were

not dissociated by the bolometric measurements. The atmospheric transmission

will then come out too great by the same factor. Actually, there are syste-

matic differences (Publ. 80, p. 40) between the transmission coefficients deter-

mined from the absolute intensities and the experimentally calculated values

from the various wavelengths, which must be free from the considered sources

of error, which deceptively coincide well with the depression of the solar con-

tinuous spectrum (the determination of which was already described in the same

manner on p. 25), as shown in the following arrangement:

Wavelength ' . . i;

Difference of k ,'}, (..(:. orO

Line absorption j><'( - O.ol

When the differences are applied as systematic correction, then the wavelength

exponent a of the fog extinction, which gives an uncorrected, average Wilsing

value of 1.7, is reduced to about 1.2, that is, almost to the value from the

previous series of observations, which must be the case according to the reason-

ing used. The conjecture already voiced by F. Linke [24] about the Wilsing

transmission coefficients of a systematic falsification is thus completely con-

firmed.

e) Upsala

In 1912 at the Physical Institute of the University of Upsala, F. Lindholm

[23] carried out bolometric recordings of the solar spectrum at various zenith

distances. The transmission coefficients for 32 wavelengths from 462 mp to

3.56 p derived from these were published in detail, so that they could be

grouped according to visibility for the investigation of the fog extinction.

The first group contains the afternoon measurements of 22 April, 7 May, and 11

June, the second those of 21 April, the morning of 22 April and 2 July; the

third those of 6, 7 and 8 July as a severe haze set in because of the volcanic

ash from the Katmai eruption. The observations have already been employed by

A. Angstrom [3] and F. Linke [24] for the determination of fog extinction. The

wavelength exponent (a = 1.15, or 0.91, respectively) found by Linke deviates
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considerably from the Angstrom results (a = 0.5 to 0.7) and the values found

here for the different groups (0.12, 0.51, 0.67).

f) Washington

Of the numerous spectrobolometric extinction determinations in Washington,

which were published in the Annals of the Astrophysical Observatory of the

Smithsonian Institution [1], the individual values given in Vol. II, Table 17

for 20 days of the years 1903-1907 were chosen for workup, since they obviously

represent the original results without interpolation to in directly measured

wavelengths. Three groups were separated according to the average values of

the transmission coefficients. Besides these, the average of the whole was

also used. The group averages kD(X) of the fog extinction are represented in

Figure 4 on a log-log scale. The slight deviations of the unrefined values

from the equalizing straight lines point to the fact that the exponential equa-

tion applies very well to the observations of the whole spectral range consid-

ered. The values k' = k - kR, that is the extinction values reducedD observed R'
only by the Rayleigh extinction, are shown in Figure 4 as open circles. Their

deviation from the filled-in points (kD) shows the value of the ozone absorp-

tion. The good fit of the points on a linear course also of the range affected

by the ozone influence, shows that the cited absorption values are correct.

Reproduced from
best available coPY. ,
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g) Mountain Stations of the Smithsonian Institution

The Smithsonian Institution set up a series of mountain observatories in

climatically favorable regions, i.e., at the dryest and most dust-free loca-

tions, for the determination of solar constants. The bolometric recordings of

the solar spectrum required for the reduction of the radiation measurements

represent extraordinarily abundant material of extinction observations, which

was made available by the detailed publication in the Smithsonian Annals [1].

The hitherto existing treatments of the transmission coefficients of these /18
-4

mountain stations dealt wholly with the aim of confirming the X- law of molec-

ular extinction and of determining the Avogadro number from them (compare for

example [12]). Section 4 already pointed out the difficulties which arise by

the extrapolation to an atmosphere free of water vapor, or dust, and the assump-

tion of a neutral remaining term. For the procedure carried out here, by deri-

vation of the fog extinction from the observations with the subtraction of the

calculated molecular component and the ozone absorption, the inherent diffi-

culty is due to the slight remaining value being very sensitive to small varia-

tions in the applied values of the two other components. This makes understand-

able the considerable differences which are shown in the wavelength exponents

of the fog extinction compared to other determinations, for example, those of F.

Linke, from the same material of observation. For the treatment of the obser-

vations from the various stations, the following may be remarked:

From the Bassour (Algeria) station, the average value reported in the

Annals, Vol. III, p. 136 of 9 days from August 1911 to June 1912, as well as

the result of 2 days in August 1912 with anomalous haze due to volcanic dust,

was used. For Hump Mountain (North Carolina), the average transmission coeffi-

cients of nine chosen days of the years 1917-18 were made the basis for investi-

gation of fog extinction.

Of the observations at Harqua Hala, a choice was made of the completely

published material of 1920-25 (Annals, Vol. V, p. 177-182), that is, according

to the spectroscopically determined total atmospheric content of precipitabie

water (p.w.), on the one hand, the days with the lightest water content (p.w. <

< 1.5 mm, average 1.16 mm from 29 days) and on the other hand, those with par-

ticularly high water content (p.w. > 10.0 mm, average 12.95 mm from 22 days)
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were taken out and the observed transmission coefficients determined. Further-

more, the difference between these two group averages was also represented by

the exponential equation kD = a/x , since this served as a possibility of

checking the correctness of the whole procedure. If the absolute amounts of

extinction should give the same wavelength exponents for slight and strong

haze, then the amount of the difference should also lead to the same value of a.

Now, since there is no assumption in the difference about molecular extinction

and ozone absorption, while the result from the absolute amounts are dependent

to a high degree on the assumed values for these components, then the agreement

of the results would represent a rather sensitive criterion. In any case, if

different values of a were to be obtained from the absolute values of extinc-

tion for light and heavy water content, unambiguous conclusions could not be

drawn, since in this case we must assume a different character of the fog for

light and heavy moisture, for example, a marked dust content of the dry atmos-

phere.

The measurements from two other stations were used for this possible check /19

method, for which individual data were published. From the observation on Table

Mountain in California (Annals, Vol. V, p. 183-190), there were used 39 days

with a water content under 1.4 mm (average p.w. = 1.07 mm) and 31 days with a

water content over 12.0 mm (average p.w. - 16.21 mm). From the material of

Montezuma in Chile (Annals, Vol. R, p. 169-176), there served for this purpose

33 days with p.w. < 1.0 mm (average 0.78 mm) and 45 days with p.w. > 10.0 mm

(average value 12.43 mm).

Of the results of the Mt. Wilson observatory, there were used for the deri-

vation of extinction the published average values of 9 selected days of 1909-12

(Annals, Vol. III, p. 138) and the observations on two days disturbed by vol-

canic dust of August 1912. For the Calama (Chile) station there were used di-

rectly the published average values (Annals, Vol. IV, p. 199) of 12 normal days

of the years 1918-19 as well as two days each of particularly good and partic-

ularly poor visibility.

9. Summary and Discussion of the Results

The results for the fog extinction from the observation at locations of

low altitude are reproduced in Table 8. The various columns contain, in



addition to the value of the location and the time of observation, the number

IX of the days or nights, which have contributed measurements for the individual

groups. Then follow the constants a, 8, and K of the fog extinction as well as

a short indication of the method of observation. It is noteworthy that until

now there has apparently been no spectrophotometric extinction investigation at

any one location which had been carried out by day or by night.

The fact that the extinction observations at Jena for all degrees of haze

lead to the same power (a = 1.5) of the reciprocal wavelength, was already em-

phasized in Section 7. The measurements at Kiel and Babelsberg agree with this

concept, whereby the much greater visibility, particularly at Bebelsberg, is

noticeable. Against this, the fog extinction at Goettingen follows an appre-

ciably smaller wavelength exponent. Although the individual values are some-

what scattered with varying visibility, they do not show any clear trend with

the haze and can be summarized with an average value of roughly 0.9, with con-

sideration of their uncertainty.

It seems at first surprising that the wavelength dependence of the extinc-

tion should show such variable behavior at two locations which are only 130 km

apart, are at the same altitude (160 m), and are in somewhat similar landscape. /20

The accuracy of the results are, however, not to be doubted, since the studies

at both locations were carried out by the same procedure, by the same observer,

and even by the same photometric system. Therefore, in spite of the ever pre-

sent interchange of air masses, it appears that local peculiarities express

themselves in the fog extinction, which at Jena could very well be looked for

in the greater proportion of haze of industrial origin.

The extinction studies at Potsdam lead to an average exponent of about

1.25, with the exception of the doubtful visual series of the year 1909. Due

to the small number of days of observation it cannot be determined whether the

increase in the visual fog extinction for the more recent observations compared

to the older series is due to an incidental choice or can be ascribed to an ac-

tual worsening of the average visibility.

The results at Washington, at an equally great range of turbidity as for

the Jena measurements, show a completely constant wavelength exponent, which
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amounts to about 1.2. On the other hand, the a-values at Upsala show a varia-

tion with the turbidity, namely, in a reverse order than that expected, since

low turbidity must be the result of smaller particles and therefore should show

a higher exponent. Exactly the same value (a = 0.68) as in the third group

from Upsala, which refers to the three days in July 1912 disturbed by volcanic

dust, is found in Table 9 under the results of the mountain stations for the

same period (Bassour a = 0.68; Mt. Wilson a = 0.66). A notable indication of

the uniformity of the anomalous turbidity spread over the whole terrestrial

atmosphere by the Atmai eruption.

TABLE 8. PARAMETERS OF THE DUST EXTINCTION AT DIFFERENT LOCATIONS.
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stations above 2,000 m, group themselves around the value a = 0.9. Clear devi-

ations from these and even larger values occur only at the lower situated sta-

tions (Bassour 1,160 m, a = 1.73; Hump Mountain 1,500 m, a = 1.24; Mt. Wilson

1,780 m, a = 1.39).

TABLE 9. RESULTS OF THE MOUNTAIN STATIONS
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differences between group averages of the same station

procedure used, insofar as it is possible to draw a

conclusion after the discussion in the previous paragraph. For the results

from Harqua Hala and Montezuma, the wavelength exponents from the absolute

amounts of the extinction for the two groups with extreme water content agree

with one another completely within the limits of their average error, and with

the result of the difference formation. The measurements of the Table Mountain

station lead to a smaller value of a at better visibility than at greater tur-

bidity. If this difference were ascribed to an incorrect estimate of the

other extinction components, a considerably smaller value must be applied for

the molecular extinction in order to achieve an agreement of the a-values.

Therefore, these data also speak against an increase of the Rayleigh extinction

amount by the anisotropy factor of Cabannes. Furthermore, one must interpret

I

I , T.;: i V ' !

3S



the differences in the wavelength exponents in such a way that for this station

an extinction that is less dependent on wavelength by dry haze is superimposed

over a water-fog extinction with greater wavelength exponent. A similar result

is found for the Calama observations, where the days with particularly good /21

visibility lead to a smaller wavelength exponent (a = 1.33). It appears there-

fore that for mountain stations there are also local differences in the compo-

sition of the fog which affect the wavelength exponents.

One must conclude from all the observations that even though the exponen-

tial equation has been found to be a useful interpolation formula for the fog

extinction at particular locations, it cannot be generalized with a constant

exponent as is assumed by the use of the coefficient B as a measure of turbid-

ity.

10. The Approximate Computation of Monochromatic Extinction Coefficients

Based on the above experiences it does not appear to be fundamentally

possible to transfer the monochromatic extinction coefficients observed at one

location to other conditions. Still, the differences in the extinction amounts

which are obtained by the local variation of the wavelength exponents a are so

slight in comparison with the periodic shifts in visibility, that the possible

computation, first shown in Section 7 for the conditions at Jena, of monochro-

matic extinction coefficients from the observed amount of extinction and the

parameter representation of the fog extinction is generally applicable. To

facilitate the computation there are given in Table 10 the values kD(X) for a

few wavelength exponents, covering the whole range of variation of a, under the

assumption of a visual fog extinction KD = 0m200. The values in the table thus

give the total amount of the extinction with the corresponding wavelengths mul-

tiplied by the proper factor along with the Rayleigh extinction according to

Table 5 and the ozone absorption from Figure 2.

It is sufficient to have an approximate knowledge of the wavelength expo-

nent a in order to obtain the monochromatic extinction coefficients from the

observed magnitude of the extinction k(X), even at the limits of the considered

spectral range, with about the same accuracy as for a particular spectrophoto-

metric extinction determination. For this purpose, as long as no other



experience is available, 0.9 can be used as the value for the wavelength expo-

nent for mountain stations and locations free of smoke and dust, and the value

1.5 for locations with pronounced turbidity, according to the results reported

above.

TABLE 10. FOG EXTINCTION FOR DIFFERENT WAVELENGTH EXPONENTS.
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